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IN THE UNITED STATES DISTRICT COURT -
FOR THE EASTERN DISTRICT OF TEXAS

MARSHALL DIVISION
BY
STORMEDIA TEXAS, LLC,
Plaintiff, ] .
casino.  2=-07CV-025"TC
vS.
Jury Trial Demanded

COMPUSA, INC , a Delaware corporation;
FUJITSU COMPUTER PRODUCTS OF
AMERICA, INC, a California corporation;
FUJITSU COMPUTER SYSTEMS
CORPORATION, a California corporation;
HITACHI GLOBAL STORAGE
TECHNOLOGIES, INC,, a Delaware
corporation; J & R ELECTRONICS, INC , a
New York corporation; SAMSUNG
SEMICONDUCTOR, INC., a California
corporation; SEAGATE TECHNOLOGY, a
Cayman Islands corporation; SEAGATE
TECHNOLOGY LLC; a Delaware limited
liability company; TIGERDIRECT, INC. a
Florida corporation; TOSHIBA AMERICA
INFORMATION SYSTEMS, INC., a
California corporation; and WESTERN
DIGITAL TECHNOLOGIES, INC., a
Delaware corporation,

Defendants.

COMPLAINT FOR PATENT INFRINGEMENT

StorMedia Texas, LLC (“StorMedia Texas”) sues Defendants CompUSA, Inc., Fujitsu
Computer Products of America, Inc., Fujitsu Computer Systems Corporation, Hitachi Global

Storage Technologies, Inc., J & R Electronics, Inc., Samsung Semiconductor, Inc., Seagate
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Systems, Inc., and Western Digital Technologies, Inc , (collectively “Defendants™) and, on

information and belief, alleges as follows:

Introduction

L. Plaintift StorMedia Texas owns the invention described and claimed in United
States Patent No 6,805,891 entitled “Recording media having protective overceats of highly
tetrahedral amorphous carbon and methods for their production” (the “‘891 patent”). Defendants
(a) have used, and continue to use, Plaintiff’s patented technology in products that they make,
use, import, sell, and offer to sell, without Plaintiff’s permission; and (b) have contributed to or
induced, and continue to contribute to or induce, othets to inftinge the ‘891 patent. Plaintiff
StorMedia Texas seeks damages for patent infringement and an injunction preventing
Defendants from making, using, selling, or offering to sell, and from contributing to and
inducing others to make, use, sell, or offer to sell, the technology claimed by the ‘891 patent

without Plaintifi’s permission.

Jurisdiction and Venue

2 This is an action for patent infringement arising under the patent laws of the
United States, 35 U.S.C. §§ 271 and 281, et seq. The Court has original jurisdiction over this
patent infringement action under 28 U.S.C § 1338(a)

3 Within this judicial district each of the Defendants has committed acts and
continues to commit acts that give rise to this action, including making sales of infringing

products and offering infringing products for sale. Venue is proper in this district pursuant to 28

U.S.C. §1391(b) and § 1400.

AUS:3865670 1
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Plaintiff StorMedia Texas

4. Plaintiff StorMedia Texas, LLC is a limited liability company existing under, and
by virtue of, the laws of the State of Texas.

Defendants

5. Defendant CompUSA, Inc. (“CompUSA”) is a corporation organized and existing
under the laws of the State of Delawate, with its principal place of business in Dallas, Texas.

6. Defendant Fujitsu Computer Products of America, Inc. (“Fujitsu Computer
Products™) is a corporation organized and existing under the laws of the State of California, with
its principal place of business in Sunnyvale, California. Fujitsu Computer Products is registered
to do husiness as a foreign for-profit corporation in the state of Texas. Fujitsu Computet
Product’s foreign corporation registration lists CT Corporation System as its registered agent for
service of process.

7. Defendant Fujitsu Computer Systems Corporation {(“Fujitsu Computer Systems™)
is a corporation organized and existing under the laws of the State of California, with its
principal place of business in Sunnyvale, California. Fujitsu Computer Systems is registered to
do business as a foreign for-profit corporation in .the state of Texas. Fujitsu Computer System’s
foreign corporation registration lists Corporation Service Company DBA CSC-Lawyers
Incorporating Service Company as its registered agent for service of process.

8. Defendant Hitachi Global Storage Technologies, Inc. (“Hitachi”) is a corporation
organized and existing under the laws of the State of Delaware, with its principal place of
business in San Jose, California. Hitachi is registered to do business as a foreign for-profit
corporation in the state of Texas. Hitachi’s foreign corporation registration lists CT Corporation
System as its registered agent for service of process.

9. Defendant J & R Electronics, Inc (“J & R Electronics™) is a corporation organized and
existing under the laws of the State of New York, with its principle place of business in New

York, New York.

AUS:3865670.1
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10 Defendant Samsung Semiconductor, Inc. (*Samsung™) is a corporation organized
and existing under the laws of the State of California, with its principal place of business in San
Jose, California. Samsung is registered to do business as a foreign corporation in the state of
Texas. Samsung’s foreign corporation registration lists National Registered Agents, Inc. as its
registered agent for service of process

11, Defendant Seagate Technolegy (“Seagate Technology™) is a corporation
organized and existing under the laws of the Cayman Islands, with its principal place of business
in George Town, Grand Cayman, Cayman Islands.

12, Defendant Seagate Technology, LLC (“Seagate LLC”) is a limited liability
company organized and existing under the laws of the State of Delaware, with its principal place
of business in Scotts Valley, California. Seagate LLC is registered to do business as a foreign
limited liability company in the state of Texas. Seagate LLC’s foreign corporation registration
lists CT Corporation System as its registered agent for service of process

13, Defendant TigerDirect, Inc. (“TigerDirect”) is a corporation organized and
existing under the laws of the State of Florida, with its principle place of business in Miami,
Florida.

14 Defendant Toshiba America Information Systems, Inc. (“Toshiba™) is a
corporation organized and existing under the laws of the State of California, with its principal
place of business in Irvine, California Toshiba is registered to do business as a foreign for-profit
corporation in the state of Texas. Toshiba’s foreign corporation registration lists CT Corporation
System as its registered agent for service of process.

15 Defendant Western Digital Technologies, Inc. (“Western Digital”) is a
corporation organized and existing under the laws of the State of Delaware, with its principal
place of business in Lake Forest, California. Western Digital is registered to do business as a
foreign for-profit corporation in the state of Texas. Western Digital’s foreign corporation

registration lists National Registered Agents, Inc. as its registered agent for service of process.

AUS:3865670 1
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First Claim for Patent Infringement
{(infringement of the ‘891 patent)

16 Plaintiff incorporates by reference each of the allegations in paragraphs 1 - 15
above and further alleges as follows:

17 The United States Patent and Trademark Office issued the ‘8§91 patent on October
19, 2004. Attached as Exhibit A is what is believed to be a copy of the text of the ‘891 patent.
Through assignment, Plaintiff is the owner of all right, title, and interest in the ‘891 patent,
including all rights to pursue and collect damages for past infringements of the patent

18.  Defendants have infringed, contributed to the infringement, and induced others to
infringe the ‘891 patent and, unless enjoined, will continue to do so, by manufacturing,
importing, using, selling, or offering for sale products, in particular hard disk drives, that infringe
the claims of the ‘891 patent and by contributing to or inducing others to infringe the claims of
the ‘891 patent without a license or permission from Plaintiff.

19.  Plaintiff has been damaged by Defendants’ infringement of the ‘891 patent and
will suffer additional irreparable damage and impairment of the value of its patent rights unless
Defendants are enjoined from continuing to infringe the ‘891 patent.

20.  The Defendants are and have been willfully infringing one or more claims of the
‘891 patent.

21 Plaintiff is entitled to recover damages from the Defendants to compensate for the
infringement

22 Plaintiff demands trial by jury of all issues relating to this claim

WHEREFORE, Plaintiff prays for judgment as follows:

A A decree preliminarily and permanently enjoining Defendants, their officers,
directors, employees, agents, and all persons in active concert with them, from infringing, and
contributing to or inducing others to infringe, the ‘891 patent;

B. Compensatory damages for Defendants” infringement of the ‘891 patent;

AUS:3865670.1
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C Tieble the compensatory damages as consequence of Defendants’ willful
infringement;

D Costs of suit and attorneys” fees on the basis that this patent infringement case is
exceptional;

E. Pre-judgment interest; and

F. For such other relief as justice requires.

Dated: January 22, 2006 Respectfully submitted,

By: 5&2/1/14« gﬁ”.iW(

S. Calvin Capshaw"

State Bar No. 03783900
Elizabeth . DeRieux

State Bar No. 05770585
Andrew W. Spangler

State Bar No. 24041960

Brown McCarroll, L.L. P

1127 Judson Road, Suite 220
Longview, TX 75601
Telephone: (903) 236-9800
Facsimile; (903) 236-8787
Email: capshaw@mailbme.com
Email: ederieux@mailbme.com
Email: aspangler@mailbme.com

£7c)

Robert M. Parker

State Bar No. 15498000

Robert Christopher Bunt

State Bar No. 00787165
Parker, Bunt & Ainsworth, P.C.
100 East Ferguson, Ste 1114
Tyler, TX 75702

Telephone: 903/531-3535
Facsimile: 903/533-9687
Email: rmparker@pbatyler.com
Email: rebunt@phbatyler com

Franklin Jones, Jr.
State Bar No. 060000553
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Jones & Jones, Inc, P.C.

201 W. Houston St.

P O Drawer 1249

Marshall, TX 75670

Telephone: {903) 938-4395
Facsimile: (903) 938-3360
Email: maizieh@millerfirm.com

Otis W. Carroll, Ir.

State Bar No. 03895700
Ireland, Carroll & Kelley, P. C.
6101 S. Broadway, Suite 500
Tyler, TX 75703

Telephone: (903) 561-1600
Facsimile: (903) 581-1071
Email: fedserv@icklaw com

Of Counsel:

Gregory S. Dovel

CA State Bar No. 135387
Julien Adams

CA State Bar No. 156135
Dovel & Luner, LLP

201 Santa Monica Bivd., Suite 600
Santa Monica, CA 90401
Telephone: 310-656-7066
Facsimile: 310-657-7069
Email: greg@dovellaw com
Email: julien@dovellaw .com

ATTORNEYS FOR PLAINTIFF
STORMEDIA TEXAS, LLC
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1

RECORDING MEDIA HAVING PROTECIIVE
OVERCOATS OF HIGHLY I'l'l RAHEDRAL
AMORPHOUS CARRON AND METHODS
FOR THEIR PRODUCT FON

CROSS-REFERENCE TO RELAILED
APPLICATIONS

This applicalion is a divisional of and claims the bencfit
of priority from U.S patent application Ser No 09,165,513,
filed Oct. 2. 1998 which 18 a divisional of US  patent
application Ser Mo 08,761,336 now U5 Pat No 33838,
177 fled Dec 10, 1996, which is a continuation-jn-pan ol
and claims priority trom U$ Provisional Patcnt Applica-
tions Serial No 60.018,793, filed May 31, 1996, and Scrial
Nuo. 60018,740. Bled May 31 1990, the hull disclosures of
which are incorporiled herein by reference

BACKGROUND Of

1 Lield ol the Invention

[he present invention relaies gencrally to thin lilms and
mothods lor their doposition, and more particlarly, pron ides
diamond-like lilms plasmys heam deposition systems and
methads useful for produciion ol diamond-like pretective
os creodls an magnciic recording, medin and olBer industrial

TION

HHE INV

-

-

A

Sputteredt amorphous carbon overcoats have been shown
to provide a high degree vf wear protection with a elatively
thin proteetive layer Magnetic recording disk struclurcs
tncluding spuilered mnorphous catbon have been very suc-
cesstul and allow for quite high recarding densitics As with
all successes, Lowever, it is presently desired o provide
magnetic recording disks having cven higher recording
deusitics

Recording densitics can gencrally be improved by reduc-
ing the spacing berween the recording ransducer, called the
read'write head, a0d the magnetic Tayor of the magnetic
recording disk (or more specifically, between the readfwrite
head and the middle of the magnctic laver). In modern
magnetic recording systems, the read ‘write head often glides
over lhe recording surfuce on an air bearing, a layer ol air
which moves with the rotating disk To minimize frictional
comtact between the rotating disk and the read/write head.
the disks surlacy is gencrally rovgher (and the glide height
thercfore higher) than would otherwise be ideal for high
densily magnetic recording Lven if ihis glide height is
reduced (or eliminated), the read/write head will be sepa-
rated from the recording laver by the protective amorphous
carbon overcoal. This protective layer alope may, to provide
the desired media Lite, limit the arcal density of the media
Generally, overcoal layer thicknesses are diclaled by dura-
hility and continuily limitations. Sputtesed carbon [requently

. N 2

applications T becomes discontinteus at thicknesses belonw about 50 A

T recent yveurs, there bas been com iderable iteres 1 o e Thus the durability requise ments of rigid magnetic record-
deposition ol 1 group of materizly relerred o s dinmond- ing media penerally dictate that the distance between rthe
like cachon Dinmond-like cabon can generatly be delined renzh write bead and the masnelic rocording layer he
as o pelastabie, high dunsity form el amorphows cachen. o mmainniined evon Thongh this limirs the arenl densiny of The
Dinmond-like carbon s valued for s bueh mechanial mirenelie recording media
hardness  Iow friction. opucal ransparcney and chomicsd 1t has prey ioushy been proposed ta utilize known chemical
merliess, vapor deposition kchrigues 1o deposil a varigiy of diamond-

Deposition of diamond-like carbon flms oben mvelves like warbon matcrials [or use as protective coatings for
chemical vaper deposition lechniques. the deposition pro- 5 (lexible magnetic reeording, tapes and magnetic recording
cesses often eing plasms wahanced Koown diamond-Tke heads Unlonunaly, known methods for chemical vapor
films oticn include carbon with hydrogen. Huorme or seme deposition of diamond-like matcrials, including plasma
other agenl. The durazbiliy zod advamagrouws lectoicsd vohanced methods, yeneraly subject the substrate 1o lem-
propertics of diamend-like carbou Bhus have lod o uwncr- peratures of over 300° € which is deletetivus for wmost
ous proposals (o apply these films o semiconductors. oplics, - magnetic disk substrales Therefore these known diamond-
and 2 wide varicty of other industrial uses Unfortunately, like carbon tilms do provide relatively pood hurdness and
the cost and complexity ol providing these advantageous frictional properics, they have found litle practical appli-
diamand-like carbon films using Known ihemical vapor cation within the fHeld ol rigid magnetic recording media, in
deposition processes has somewhal Umied their usg which sputicred amorphous carbon protuciive overcodls are
Turthermore, while a wide vavicty of diamond-tike cubon 45 nerwhelmingly dominaat

coaling fHms have been deposiled in Inboratorics mamy ol
these Jitms have boen lonnd to hayve less than sdeal materiz]
characlerist

Avery ciffercat Lanm of amerphous
applied as a protective overcoat for mugnelic reordiog
medin, Magnetic recording disks orprese s sulk-
strate having 9 magnetic layer and a number of underlayers
and overluyers deposited thereon The naure and compivsi-
ticen of cach layer is sclected w proside the desired magoctic

carhon 15 generally

recording characleristios, ax s generally recogmzed in the
industry.

Ihe information stored in magnetic recording media
peucrally comprises variztions 1o the magacuc licld of a tnn
film of ferromagnetic matcrial, such 2s 2 magnetic oxide or
magnetic alloy Usually, a protective layer is [ormed over the
top of the magnctic layer and a laver of lubnicating material
s deposited over the protective Tayer These progective and
lubricating lavers combine to increase the reliability and
durability of the magneic recording media by limiling
friction and crosion of the magnetic recarding layer, Sput-
arphops carbon flms fuve gain i
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For these roasons  of would he bencficial to provide
improved magnetic proective overcoals with improved
rowd write head frictional and wlide characteristics
conerally calied stction) for recorcdling media Preferably,
chan dmproved overcoat will provide durability aod
rcliability without having o resort to the densiy -limiting
alide heights and or protectiv e overeoal thickness of known
rgld magnetic reeording media ind withoul subjucting the
meehia substrales © cxeessive tomperatires

1t would also be desirable to provide improved diamond-
lke carbon materials and methods Lor their depesition b
would be particularly desirable if such materials and meth-
ods could be utilized for practical rigid magnetic recording
mredia with reduced spacing between the read/writc head and
the magnetic recording taver, ideally by providing a flatter,
smoother, and thinner protective coating which maintained
or even enhanced the durabiling ol the wtal recordiog media
structure, It would also be advantageous te provide alterna-
1ive methods and sesiems for depositing such protective
lavers. Ter use o the production of wagnetic recording,
R TE : hine iools.
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nption of the Backyround An
Pal No 5182,132 describes magnels recording
media having a diamond-like carbon film deposited with
alternating circuil plasma eihanced chemical vapor depusi-
tion methods U S Pat No 5,462,784 describes a fluon-
nated diamond-like carbon protective coating for miagniuc
recording media devices Furopean Palent Application 700,
(33 describes a side-mounted thin Alm magnetic head
having # protective laver ol diamond-like carbon Europoan
Patent Application No 395,564 deseribes a magnetic record-
ing medin having o diamond-like protective [ilm which
conststs ol carbon and hydrogen

US Par No 3156703 descriibes a methed Lor i
surlace treatment ol semiconduciors by parilcle
bombardment, the methed making use of a capacitisely
coupled exlrachion grid 1o pmduLc an electrically neutral
stream ol plasmwa V8 Vecrasamy et al described (he
propenties of tetrabedral amer phous carbon deposited with a
filtered cathexdic vacuuny arc iy Sefed-State £lectromes, vol.
37, pp 31Y-320 (1994} Lhe recent progress in filtered
vacuum are deposition was reviewed by R L Boxman m a
paper preseoted at the International Conference ol Metal-
lurgieal Coatingg and Ihin Films Jocated al San Diego o
April of 1996 Tlectron cyclotron wan e resonances in low
pressure plasmas with a superimposed =tatic magnetic ficld
werg described by Protussor Occhsner m FPlasmic Py sics
sl 15, pp 8355844 (1974

SUMMARY OF ITHE INVENTION

yaterms wd tlsd

Phe proseul wevention proyide 5
the deposition of oo improved dinmond-Like carbon matoriad
particulzely for the production of mugnetiv recording media
e dimond-like carbon niaierial ol the preseat o ention is
hiehly letrahedral, that s, it features a taree number of the
sp? carhon-—carbon bonds which are found within a dia-
mond crystal latice The matenal 15 alse amarphows pro-
viding o combination of sherl-range orler with long-range
disorder. and can be deposited as [ilms which are uliras-
mooth and wonlinuous (pin-hele dreed at thickoosses sulb-
stardially Juwar 1 known amorphous carbon coating
matesials The carbun prowetive coatings of 1he prescn
invention will often be hyvdrogonated, generally providin
significanth higher pereentage of carbon—carben sp® bonds
than knoan bydiogenated amorphous diamaod-ike cachon
coatings having simitar compostions, aod miy optionally be
nitrogeaated I a preferred method tor depositing of those
materials, capaciive coupling torms @ highly ueiform selec-
tively energized stream ¢l 1oos trom a dense, mducinely
inafacd plasma Such inchiciive ionizanion s cnfuanced Py a
relatively slow moving (ar “quasi-slatic ) magnuhic field
which promaotes resonant woeization and ion benm homoy-
enization Clearly the materiabs systoms, and mothods of
the present myention will And applications oot only n the
ficld of magnetic recording media and rélated devices but
also in integrated circuit fabrivation. optics. machioe 1ol
coatings, and a wide variety of Hlm deposition and elcng
upplications

In a first sspet
for prochicing magnetic weording media, the method com-
prising lorming a magnetic laycr over a substratc and
fonizing a source rmaterial so as 1o Torm a plasma containing
L«Lfb()l’] jons The carbon [ons are cnergized to oent a strcant
anhareate that nl‘\nn frr\m

the present invention prov ides & method
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telrahedral amorphous carbon protective layer, generally
having moee than about 159 sp® catbug—<carbon bouds
Generaily, the impacl cncrgy of the cnergetic carbon ions is
witliin # pre-deterunned range o promote loowation el the
desired lattice structure, the bonds apparently being formed
at least in pan by subplantation Preferably, each carbon ion
impacts with an ¢nergy of between about 100 and 120 eV In
many embodiments, the resultiog highly tetrahedral amor-
phous carbon protective layer includes more than about 35%
sp” cathon—carbon bonds with pa rIicuInrl} preforred meth-
ods producing more than about 7% sp> carbon—carbon
bonds

Generally, the stream will be primarily composed of ions
having a uniform weight. and the impact encegy will pref-
crabfy be substantially uniform in some embediments, this
uniformity is promoted through filtiering of the ion stream In
such cascs the cnergizing step generally comprises striking
a plasme using a sohid cathodic are of carbon source mate-
rinl Alternatively, the stream will be energized by applying
an alternating, potential between 1 coupling electrode and an
extraclion grid 50 as 1o self-bias the plasma relative 10 the
extraction grid through vapacitive coupling . thereby extract-
ing, the ion strcam throweh the giid Hydrogen andyor nitro-
gen may also be included. both in the don strcam and the
protective layer

[n another aspect, the present invention prosides magns lic
recording media comprising 4 swbsirate, a magnctic layer
disposed wer the substrate, and a proleclive layer disposed
over the magnetic laver. The protective layer comprises a
highly tetrahedral amorphous carbon. generally having mare
than nhout 134 sp? carbon—carbon bonds Prefcrably, these
hends are [ormed at least in part by ditecting an ensractic
stream of catbon fons onto the subsirate  In many
cmbodinments the protective layer includes more than about
35% sp” carbon—carbon bonds, with particulacly proforred
cobocdiments i luding more than abowt 70% sp” carbon—
carbon bonds Such protective layers are ultrasmaath and
contineous at thivknesses of less than about 75 A, and will
pras ide dugable recording media even at thicknesses of less
than abowit 30 A, Furthermese, the hardoess and Iribological
performance ol these dense protective materials may allow
highly durable recording media with arcal recording densi-
ties of over 1 gigabyte per square inch with reduced reads
wrile head glide heighis of lower than abont 1 4", aptionally
within & near-contacl or cominueus contact recording sys-
lems

In unother aspect, the preseat invention proy ides a method
tor colimcing an ion beam  the wn beam produced by
contining o plasma within o plasma volume, inductively
onizing 1he plasma, and forming & strcam of ions trom
within the plasma volume by capacitive coupling The
method comprises moving 1 magnetic Aeld through the
plasma o promote resoaant inductive fonization, preforably
by scquentially cnorgizing cach of a plunality of coils
disposed radially about the plasima volume

ln anocther aspect, the present invention provides an
inductive iomization system lor use witl: un ioa-beam soutce
The source includes an antenna disposed about a plasma
volume For inductively ionizing a plasma therein A coupling
clectrads is exposed to the plasma volume and an extraction
clectrade 15 disposed over an openring of the plasma volume,
st thal the extraction clectrode is capable of uxpelling ions
of the plasma through the grd by capacitive coupling The
sysicm comprises at least one coil disposed adjacent the
n!asmu \ulumc mpahlu of applying @ lrausverss maggetic

23 :
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be moved through the plasma contminer © homaogemize the
expelled ion streamy This movemeni of the wgoetie ficld,
which is optionally provided by sclectively encrgizing coils
radially disposed abuout the plastna velwne, may also farthor
density the plasma by promoting panicle collisions through
4 churoing or mixing cffect

In another aspeet, the present imvention provides a
diamond-like material comprising carbon in the range
between about 72 and 92 ziomic percent and hydrogen in
the range between abcut 8 and 18 atomic percent The
malterial is amorphous, and belweenr abaut 15 and 83 percent
of carbor—carbon bends are sp® bonds Generally, sp® bond
formation will be promoled with subplantalion using ion-
beam deposition from a plasma beam source. so that the
number of such bonds will be higher than known matenals
having similar compositiens Ionce, the highly totrahedral
amorphous carbon and hydrogenated carbon of the prescm
invention will have [ewer polymer-like hydrogen chans,
and will generatly exhibi enhanced thermal and mechanics]
stability

[n anotber aspect the present iny ention prov wles a method
for deposition of bighly tetrahedral mmorphous carbon over
a substrate . the method comprising 10mzing a source male-
tial to orm o plasma and confining the plasma within a
plasma valnme The plasoia is capaciinely coupled (o form
a stream Howing oubwerdly Dom witlin the plasmy volume
Ihe stream inclodes carbon fons lront the plasma and is
dhirected onto the substrize Adv amtsgeously such a mcthod
allows deposition ol carbon ioos of unilormr size with a
wniform energy and aliows tailoring of the enérgetic ¢arbon
1oms W spesitically promote spe bondmg through subplan-
hon Jhe source material fpeally cemprses o gas hasing
a substanually coherert dissociation cncrey speitra, the
scuree gas wdelly comprising acetylene Preberably. the 1ons
sirike the substraic with wnimpact encrgy of between about
37 anc 330 v for cach corbon anm ideally hoing borwaen
aboul 80 and 120 ¢V cach

In anather aspoet. the proscol imvention provides an
ion-beam souree comprising a comtainer dofining a plasma
confinement volmme The eontainer has an opening and an
antenna 18 disposed about the plasma volume so that appli-
alternating potential o the anteaog iz capable

cationof a fir
of induclively ionizing a plasma thoeln A coupling chec-
rode 18 clecttically coupled 1o tie plasma yolume and #n
cxtrachon Llecisade s disposed vves e opening of the
container The extraction clectrodde has a surtace arce which
Is subslantiadly less than the coupling clectrode surlace, so
that application ol 3 secomd dlering potestial between the
coupling chetrode and the uxtraction clectiede i+ capable of
expeiling ions ol the plesma through the grid Prelerably at
least oo cotl s disposcd wdjscent the contuner. and 1=
vapable of apply myg a transyerse magnetic field o the plasma
volume, thereby promoting highly clicient inducive ion-
Izateon resonance by the amenna Ideadly the magoetic ficld
can be meved through the plasma conlainer to homogenize
the expelled oo strean Pis wovenent of the magnenic
fickd. which is optionally provided by selectively energizing
coils racially disposed sbowt the plasma conlizement
volume, may turther density the plasma by promoting par-
nele cofhswons with a churning ar suxing effect

[0 vet another aspect, the present invention provides an
inn-herm sonrce conprising plasma comaimmenl means Jor
confioing & plasma within 1 plasma volume Inductive
ipnization means inductivily couples @ Lirst aliernating cur-
asii 50 as o ke e plasma within the
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ionized plasma within the plasma volume lon exlraction
means forms a stream of inos out from the plasma volume

In another aspect, the present invention provides a method
lor producing an ion beam, the method comprising confining
a plisma within a plasma volume, inductively jomzng the
plasma and forming a strcam of jons from within the plasma
volume by capacitively coupling the plasma with an extrac-
tion grid This capacitive coupling self-biases the plasma
relative (0 the grid, and can be wsed w0 produce o quasi-
neutral plasma stream Generally a transverse magnetic field
is applicd to density the plasma by promoting resonant
inductive ionization ldeally, the magnetic field is moved
through the plasma volume to homogenize the plasma and
plasima siream

RRIED' DESCRIPTION OF THE DRAWINGS

I1G 1 s a cross-sectional view ol a magnetic recording
disk including the tetrabedral amorplious hydrogenated cae-
ben proteclive Jayer ol the present invenlion

L 1GS 1A and B iHusirate (he cects of nitrogen doping on
the tetrahedral amorphous hydrogenated carbon of the
preseit inveution

FIG 2 schematically iflustales s method for depositing
the highly tctrahedral amorphous hydrogenated carbon over
ihe disk of PG 1 and also shows a hybrid inductive.
capktcitive plasera beam souree according to the principles ol
the prusent fnvention

FIG 2A 15 a cross-sectional view of the tnbrid souee of
116G 2, showmg the inductive ionization anfenna and quasi-
stalic magnetc field generaring coils which dunsity and
homagenize the plisma

[1G) 3A illustrates an alternative method and svsiem [or
depositing ghly tetrahedral amerphous hydrogenated car-
bor wver the disk of ITG 1 using an acetylene plasma from
o plasma heam source

[1GS 3B and C ilustrate capacitive coupling
plasma to extiact a stream of jons when using the
beam source ol FIG 3A

116G 3D illusirates an alternative eonbodiment of a plasma
beam source, in which the effeclive arce of the conpling
clectrode can be varied to provide further contzol over the
lon density and ion energy.

FIGS 3 and [ illustrale operating characteristics of
plisma beam sources toy deposition of diamond-like cartbon

[1GS 4A and B jllusirale known resonant
ionization of a plasma with a fixed magnetic Aokt

FIGS 4 and D explain densification ol the plasima
pros kled by Electron Cyelonon Wave Resonance

FIG 3 ilivstrates an alternative method and deposition
em for producing the recording disk of FIG 1, which
ysiem relies upon a Allercd cathodic are tor deposition of
thi highly tetrahedral amorphous hydrogenated carbon
malerial of the present invention

FIGS 6A-8 show experimentsl data, as described in
delail in the experimental section

DESCRIFTION OF THE SPECITIC
EMBODIMENTS

Referring now Lo F1G 1 a rigid magnetic recoriding disk
2 comprises o non-magnetic disk substrate 10, typically
composed of an aluminum alloy, glass, ceramic, a glass-
ceramic composite, carbon, carbon-ceramic composite, of
the ickel-phos; < N fayer 12
substrute 10 1ved

ol the
plasma

inducrive

A amorphon
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cally by plaiing The Ni—P layer is hard and imparts
nzidity o the alunrinum alloy substeate A chromium ground
laver 14 15 lormed over Ni—P layer 12 typically by
spuliering, aud a1 omugictc layer 16 is (ummed over the
ground laver 11 Pl nole that these layers are shown
schematically enly, as NiP layer 32 will tepically be much
thicker than lix other favers

lhe magnetic laver 16 comprises a thin film of a ferro-
magnctic material, such as a magnetic oxide or magactic
alloy Magpetic layer 16 is typically sputtered ovir ground
tayer 14 10« conventional manner The magnetic faver will
olten be composed ol a cobalt alloy, such as & CaCrTaPLB,
CouCrPIB. CoCr B, CoPtCo CoNCr, CalTaXyY (X and Y
being selecled from PL NI W, B, or uther elements) or the
like Fhe magneltic Tayer may be fonmed as a single laver, ot
Iy cempnse (wo or more layers ormed over one arolher
I'he thickaess of magoelic kaver 16 is typically in the range
from about 200 A w0 500 A

Of particular importanos o the present invenlion is a
profective laver 18 which is tormed over the magnetic layer
The protective layer 18 of 1he present invention will gener-
ally comprise a highly wnahedral amorphous carbon, tym-
cally having more than about 13% sp® carbon --carbon
honds, prcteably being more than about 35% sp* carboa—
carbon bonds, and ideally being over zbout 70%
cirhon-—carban bonds ns metsured using Raman finger-
prinnng and cleannn cncrgy Inss spoaroscopy Along with
carbon, proteeiive Inyer 18 may also inchwle hvdrogen,
vencrally forming i the range hetween ahout 2 and 30
aornie pereent of the: protecrive merial prelorably being
hetween 8 and I8 atomic perecnt A comvantional lubricaling
lIaver 28 is disposed over the protective laver

Although hydrogen is known to incroase the percentage ot
sp bondimg of diamond-like carbon produced by known
chemical vapor deposition provesses, protective layor 1§
will geacratly inclde significantly less hydrogen than com-
Ehir'll) krown digmond-like films This mmposmoml LE11~
lerence may be esplained in part by the lormation ol sp”
bends through sul:plzmmlinn of the cnegetic varbon oas
during deposition. Effeciinely the encnmeiic ions deposited
using the mcthads doscribed hersinbelow impact on the
growing flm swihace and are driven into the film so as to
cause denstlication This process mas alse cxplain why the
praleetive laver af the prosem mummn includes a higher
percentage of quartenary carhon siles (sp” carhon sites Wllh
no hydrogen neighborsy and grealer bardness than known
allernaiive amoephous carbon materials

Ihe microsiructues o conventinnal bydrmgenated amor-
phows carbons include: polymes-bke hydrocaban chiing
Although bydrogen cnbiances the formation ol tetrahedially
honded carbon wtoms above 1 certadn threshold value ol
fexdrogen content, carbon lilms beccme polymeric and
henve lose their protective propertivs  Through
subplantation. the materuls ot the present invention over-
come this limitation As subplantation promotes formation
of sp” bonds withuut relving oo additional hytdogen conlent
alone, polvmerization can be avoided This represents a
substantial advantage over known, more bighly hydroge-
nated diamand-like carbon materials in which polymeriza-

tion signilicantly limits both thermal and mechanical stabil- 4

the carbon—carbog sp’ bonds of the
ntiovention will penerally be stable up
that an enhanced
hydlrogen content

ity In comrast
inaterials of the pr
o emperatures ol about 700° ¢ so
purcenlage of sp° bonds with a low
represents a significani advantage
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electrical conductivity of the present highly tetrahedral
amorphous carbon van bu controllably vasied mer o wide
range by the sulociive wncorporation of nitrogen during tho
C.H, plasma beam deposition process described hereinbe-
fow Advantageously this variation will be provided sithout
significantly varying the structural propettics ol the film
With conventional hydrogenated carbon, nitrogen incorpo-
ration may be related to the formation of sp” bonds. This will
be evidenl by wvaristions in the mechanical and opimal
properties of the filins deposited, for which harness and
optical gap will decrease with nitrogen content With the
present [lm materials and deposition methods, o clssic
doping, effect is phsurved, in which electrical conducrivity
can bo conteoliably varied by es much as 5 orders ol
mageitude or more, as is shown in FIGS 1A and B Doping
can be provided by varving nitregen pressure within a
plasma volume ol an acetylene ted plasma beam source,
typically to provide films having from about 4 o about 30
atomic percent nitrogen This doping effect of highly tetra-
hedral amerphous carbon and hydrogenated carbon will find
particular application for the fabrcation of integrated cir-
cuits and the ke

Ihe highly fetrahedral amorphous carbou materials of the
present invention alse provide a number of advantages over
known protoctive layers for recording media The bond
structure of this material provides physical propertics
approaching those of diamond including & hardness of over
ahout 30 GPa with certain species having hardness of up 1o
about 80 GPa Furthermore the present protective overconts
have hiph density generally being over about 25 crums per
cubic centuncter and ate also very chemically inert

OL particular importance 1o recording media those coat-
ings arc smoolh and continuous (pinhole-frec) at very low
thicknesses, and provide a durable prolcc[i‘.c laver when
dupositud 1o g thickness of less than 73 kY prefer thly huing
less than 50 A thick In fact flms of over 150 A may be
more susceplible 1o delsmination, and surlace r‘_aughnms
iy Increase witls thickness The bigh mechanical hardness
and low friction surfaces provided by these materials lead to
cobanced tribological pertormance, providing recording
madia which are highly 1lerant to the mechanical abrasion
and contact start-stop demands of moedern recording meddia
systems. and allowing increased arcal density through
reduced separation between the readwiite and (he magnciic
layer This separation may be recduced by either a reduction
in the protuctive layer thickness or by a reduction in head
vlide height, and prr,’r:mhl; by a reduction 1 bath Protec-
live laur lB is cencrally in the range berween about 30 A
and 70 X, which will allow the disk 1o mcet recording medi
industry durability and stiction test requirenients

The composition and characterization of the protcctive
{ilm ol the present inveation are highly dependent on the
depusition methed, and in particular, depend strongly oo the
cnergy and uniformity of carbon lons striking the deposition

surface

An exemplary system and method Lor deposiling prolec-
tive fayer 18 oo rigid recording disk 2 will be described witls
reference 1o FIGS 2 and 24 Hybnd o0 beam sousce 30
generailv includes an inductive ionization system 32, o
quasi-slatic magnetic ficld system 34 and a capacitive ion
beam ¢xtraction system 36

In %m,(al terms, induction sysiem 32 jonizes # plusma 38,
g 12 and
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directed o recording disk 2 {or (o any other subsirate on
which doposition s desired . cr trom which eiching will be
performed) using capacitive coupling system 36

Although hybrid source 30 provides a particularly advan-
tageous system for deposition of the protective coating 18
a varicly of alicrnarive deposilion sysiems may also be uscd
As a plasma beam source deposition system shares a number
of rhe features of hybrid sooarce 30, but is simpler n
operation diamend-like carbon deposition using @ plasma
beam scurce 50 will be described with reterence to FIGS
3A—F, alter which other aspects ol hybrid source 30 will be
explained in more detail

Referting now to G 3A, the vse of plasma beam source
50 tor the deposition of carbon will generally te described
with refercnec o depositing protective layer 18 on magnetic
recording media 2 As has been mentioned above, these
warbon depasition systems and metbods will have a wide
variety ol allermative uses, particularly m the areas of
mtegrated circuits fabrication optics and machine tools

Plasma beam source 50 includes @ plasma container 52
which delines s plasma volume 54 therein Container 52 is
typically an & um dizmeter glass tube. or may alternatively
comprise quariz or the Hke A conpling elecirode 56 having
lively large suriace 58 here forms one end ol the
wontzince Alicenativdlv 1he canpling clectcode may be dis-
posed within or exicrnal to the conlainer and may eptionally
oxtend axially aleng the walls of the container Regardless,
coupling cectrode 36 ix pencrally clecurically coupled to tin
plasma o @ molching network 60, and to a radiotreguency
coupling power supphh 2. Plasma coupling sysiem 36
cludes coupling electiode 56. the frequency generator and
malching nutwork 60, 62 and an uxtraction grid 64
Ivpically the exicrtion grid will be gronnded as shawn

As s explained more Julls in US Pai No 5 156,703, the
tull disclosure of which is heretn incerporated by reference,
cxtraclion griv 64 has 2 much saxaller surlace area exposcd
10 the plasma than the coupling elecirode 36 In operation.
RI power typically at about 13 56 MHz. is supplicd by the
frequency generator through the matching netwark and &
capacilor W the coupling clectrode . This frequency will
often o set by sovernment repulalions, and nay allerna-
tivedy be about 27 12 M. or some other mulizple thercol
he extiaction gnd tvpically commises a graphile rim 66
delining an operture and tungsien dilaments which are
maintained wnder wosice Flense oxtraction grid 04 resists
sny distortion due to theemal expansion A number of
Htenative naternals may used in the filamenis. the
et e ials prelerably Bving =+ lew sputleng yicld

B

Gencrally imicrnal pressuie within plasma volume 54 s
recuced by remiss ing was through sacuum port 68 While the
vacuuns pori 18 here shown hehind the grid, it will preferably
be disposed between grid 64 and chsk 2 Advantageousty,
when a plasma Is strudk between the coupling electrode and
the extaction grid the plasmn shifis 10 a positive DC
potential wilth respect to the extraction grid, due o the
relative mobility of the electrons as compared 1o the ions
within 1he plasma  Specifically. the greaier mobility of
clectrons than dops in the plasma causes the plasma lo form
3 sheath between Diself and cach clectrode The sheaths uct
as diodes, su that the plasma acguires a posiive DC bias
with respect o each electrode
fhe totlal radictrequeney potential ¥V
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V=L, (64 )
wherein (. is the capacitance of lhe coupling electrode,
while C_ is the capacitance of the extraction grid.

Where the extraction electrode is grounded, this plasma
voltage biases the plasma relative to the grid, accelerating
the jons through the extraction grid and toward the substrate
As can be deternrined from the above equation. the plasma
beam source allows the biasing vollage 1o be selectively
controlled, providing a highly advanlageous mechanism lor
controlling ion impacl energy

As capacitance vates mmversely with aren, the size ol the
bias vollage at each electrode can be controlled by varying
the elzcirode areas As the uxtraction grid has a much
smatier area than the coupling electrode, the biasing of the
plasma reative 1o ihe couplivg electrode s relatively low, so
that source 30 provides a fairty clficicot use of the souice gas
material which is geperally providud through source inlet
70 adjacent coupling electrode 36 While some material will
be deposited on the container walls at higher power scltings.
uss of the plasma beam scurce in an etching node may
allow self clcaning

The relationship of clectron current. ioa curgent, and the
radiofrequency potential is illustrated in FEG 3B A simpli-
lied electrical diagram for analysis ol the plasma, the extrac-
tion grid sheath. and the coupling grd sheath . is shawo m
MG 3C

A still further aspect of the plasma boam source carbuon
deposition system and method of the preseal imention is
iflusirated in FIG 3D Plasma 74 is here contained withers 2
hyperbolic magnetic field produced by magnels 78. An
axially movable covpling elecirede 80 is supported by a
mavahle ceramic pipe 82 which slides axially through a
ceramic end 84 of the plisma container vesscl

The magnetic confinement of the plasma allows the
sHective area of coupling electrode 8¢ 1w be sancd by
maving the coupling clectrode axially relative w the plasma
This allows the bias voliage {and hence the on energy) to be
varied without changing the radiofroquency power ur the gas
pressure Alernatively, the fon sateration current density
(depasition rate) and ion wiergy can be varied by changing
the radiofrequency power and gas feed siock flow rate The
ion current and ion cnergy distribulion can be measured with
a Faraday cup 86 in the subsiraie plane 88 TIG 3L =hows
variations of ion current and mean lon cnergy with clecirode
position D for a range of radioltequency powers

The ivn cneigy depends wa at least two (actors: the
acccleration potential across the grid sheath, and the energy
lost by collisions within the sheath  The cffiects of these
{actors arc [lustrated in TFG 31

Theirsctto LG 3T shosws that the wn cnargy distbution
of the plasma heam is quire sharp, with a width of approxi-
matcly 5% about the bias voltage  The sharpness apparently
arises tor at least two reasons. Lirst, jons lose little encrgy in
the low plasma pressure through collisions within the
sheath Second, the sheath widih va inversely with the
syuare rool ol pressure, so that the sheath Is quite wide al
low pressures, Where the ion transil time across the shealk
is longer than the radiofrequency period, the lons may be
accelerated by the mean vellage rather thao the instanta-
neous voltage, The ion energy distmbuticn width is also
found to vary lincarly with pressure, which indicates that the
ion energy distribwiion widih is controlled mainly by ion
collisions in and above the sheath

The decomposition or dissociation ot hydrocarbons in
ma 74 depends strongly un the source was, the operation
Ly !

i
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ionized andsor neutral state The plasma composition
depets on the various chemneal patbways in the plasma,
and these depend on the plasma parameters sucl as clectron
temperature clectron dunsity and degree of ionization As a
result. a pwmber of different fons may be present in the
plasma, and lhe composition may change markedly under
different conditions, making uniform deposition of homo-
gencous hydrogemted carbon materials fairly problematic

Work in connechion with the present invention has shown
that acetylene provides a highly advaniageous source gas
because of s relatively simple dissociation pattern The
plasma decomposition of 4 moleeule can be described in
rerms of electron-molecule (primary) and jon-molecule
(secondary) cellisions, and their assoclated rate cocfficicnts
or their related appearance potentials. Advantageously, the
dissociation of acetylene is dominated by its ionization at an
apprarance polential of 11 2 ¢V Acetylene may be upique
among the bydrocarbons in having such a well-defined
reaction path

The ionic composition of a plasma beam produced using
4n acstylene somrce 2as produces a mass specira al various
plasma pressures which are dominated by the GIL " ion and
other hydrocarbor tons having lwo catbon atoms, collec-
livety referred 1o as the Cy speuies, The nuxt most significant
ions are the €, lons. which have buen found to decrease in
ilensiny as the pressure s lowered, being below 5% If the
cssure 1§ maintained Delow 3x1077 mbar Tor thesc
reasons, carbon deposition using Hwe plasma beam source
and hyvbrid source of the present invention is preferably
perlormed using a Jeed gtk which camprises acetylene
Optionatly, N, NI -, or some other pitrogen fesdstock may
also he fneluded te proide aumgenaicd films

The particde flux or stcam provided by a plasma beam
deposition system or a hvbrid deposition system will gen-
erallv have a higher degree ol tomization than conventional
deposition techniques The formation ol cathon—carbon sp®
honds through the subplantation effect may only be signifi-
cunt il sufficient lons are presenl n the particks stream
Prelerakly, at least 15% of the particles will comprise ions
In some embodiments particularly at very low deposition
pressures. the fim-forming particle flux will comprise over
Q0% 1ons

When depositing using « plasma bearn source, the inci-
dent power provided to the coupting clectrode will gencrally
he between about 30 and 700 A aus, ideally being between
wboul 200 and 300 waits Where opposile sides of a substeate
will be simultoncously coated two plasma beam sources
may be provided preferably haviog independent radiofre-
quency gencrators which are phasc-matched. ideally being
synchronized {n a masterslave configuration Radiofre-
gueney reflected power will eeperally he berwien abour 5
and 70 watls, and should be minimized by sclection of
proper network vlements

The magnetic containmen feld voil pearest the substrate
may be provided with a current of between 1 und 8 amps,
idheally being about 7 amps. The outer ficld coil will have
between ouc-hall and 5 #mps ol current Howing
therethrougls, wherein the current is the reverse polarity of
the inner ¢oil current Gas How rates of from 5 scem 10 30
scem are sufficient to maintain the plasma, with the gas flow
rate ideally being about 18 scem. Igniting the plasma is
facilitated by providing an initial burst of hetween 40 and 30
secm of N. gas. Amlro-fun wus fow mav be maintained lor

L})L\Wlil[]“ ons
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between ahour 80 and 120 eV per carbon ainm  The hydro-
een content may be between abeul 8 and 18 atomic
percentage, while dopant gasss of beiween 07 atomic
pereent and 10 aiemic pereent, typical dopant gases nchid-
ing N, or PH; Carhon deposilion rales of between 2 and 12
A per sevond can be provided by plasma beam source
deposition methods within ihe above opsraling ranges, ide-
zlty being between about 8 and 9 A per sceond to pros ide the
highest quality films Deposilion times of helween about &
atd 390 seconds are penerally used at these rates to provide
a sufficicnt protective coating for magnetic recording media
In work in connection with the present ipvention M Weiler
el al describes lhe proparzlion and propertivs ol highly
tetrahedral hydrogenated amorphous carbon deposited using,
a plasma beam source in the journal Plivsical Revien B, vol
53, pp 1394-1608 (1996), the tull disclosure of which is
hereby 1acomporated by reference

Aliliough the plasma beant suerce deposition systems and
methods described with referenee to FIGE 3JA and 3D have
several advantages. including the ability to accurately con-
trol the ion deposition energy and Hux, these plasma beam
sources do have some disadvantages. One primary disad-
vantage of plasma beam source deposition s that the capaci-
tively coupled plasima density and hence the deposition rate,
is relatively low [norder o lncrease the ion densty, 1 would
be beneficial to provide higher pressuses within e plasma
confinement volume, prelerably mumntaiming the plasma at a
pressure ol 30 i1 Tore ur mure. Unlomudely the ionizztion
cocfhictent tends to drop ofl at these higher pressures,
thereby timiting the total plasima density Specificatly, it will
geperally be advantageous fo maintain low deposition pres-
sures lor at least two reasons. Fist, the preportion ol s 1
the particle stream decreases with increasing pr
Basically, at higher operuting pressures gas scativeing v
reduce and disperse the won encrgy In hu deposiion o
highly tetrabedral amorphows casbon at pressures o vver 30
mribrr when using the cxcmplary sysiem 15 problematic. as
[ilps depusited al such pressures are fonned primarily with
low cnergy radicals Second s pressures increase, the
particle Fux increasingly includes varving parficle mssses
(G, G Gy Gy Y As uniformy mass particles are
preferred, plasma beam deposition will preferably lake plice
with pressures below ©om'lorr ideally al & pressure of
between about 0.1 and 0.5 Mo This, in turn. generally
limits the deposition rates which may be achicsed by plasma
beam sources and muthads which rely solely on cepacitative
coupling to maintain the plasma

The fvlrid beam source of the present bvention main-
tans the advantageous ion cnergy condral ol the plasma
beam source, bul provides higher plasma densitivs and
cahanced deposilion rates withoul rclying on increases in
pressure. Roferring once again ¢ 11GS 2 and 2A hybrid
source 30 combincs an inductive ianization sysivm 32 with
a capacitive coupling system 36 (simifar to that vscd in the
plasma beam sources described above) to provide a high
Jensity and low pressure plasma. The lndoctive lonization
system will again be explained in isolation here wilh
relerenced to FIGS. 4A and B

Inductive ionization system 32 comprises an alternating
power scurce 90 capable of pencrating frequencies in
roughly 1he radiofrequency-microwave range, preferably
providing % putential with a t'rcqutncv of about 27 12 MIIz
(or some multiple thercol) Once again, a frequency maitch-
ing nelwork 92 F prosided, but the power is here coupied o
hL plasma using antenna 94 disposcd around the plasma
or 82 Advantageously, 1his winimizes any seli-
fastng of the plasma relative o the amenna. and minimices
s ot the weis of 1he container
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Plasma within an inductive discharge may he energized in
a non-tesonapl o resonant inductive mode  Preferably, a
small DC magnctic ficld s superimposed on the plasma
soluine o provide sulisnced jon cocrgy translor and plasiia
densifieation through a process which Is generally described
as resgnant ionization

Antenna 94 may he described as a dielectnc wall around
the axis of the plasma container Alternatively, antenna 9%
may be modeled as a single loop Inductive coil disposcd
aboul the plasma Regardicss, the potential of the plusma
with respect to the coatainer surface remains low, while the
plasma densiiy is guite high

Typically, antenna 94 swrreunds & cylindrical plasma
comiziner having a length belween one third and three times
its diameter, preferably being of nearly equal length and
diameter 1he antenna consisis of a metal cylinder with a
longitudinal slit The superimposed static magnetic ficld B is
geaerally normal to the axis of the plasma cylinder, and is
applied by at least vne magnetic coil 96 adjacent the plasma
comtainer Resonant lonization potsntials and magaetic feld
strengths are more fully deseribed by Professor Oechsner in
Plesmu Phyxics, vol 15 pp 835-844 (1974, the (il
disclosure of which is incorporated hercin by reference

The mechanism which will provide plasma densification
will apparenily be LBlectron Cyclotron Wave Resonance
(ECWRY tather than the related but different phenomenon
of Llectren Cycloron Resonance (ECR) Both of thesc
mcchapisms can be understood with reference to the dis-
persion of an clectromagnenc wave propagating parallel o
2 magnetic ficld. and morc specifically, by analyziag the
relraction index and the propagating velocity (here being
phase velocity Vp) az a tunction of frequency and magnetic
licle) sirengths We know (hat the refraction index and pro-
pation velocity are related as follows:

where 0 is the refractive index ¢ ig the speed of light o is
the fregquency of the clecromagnetic wave, and k is the
magnitude of the propagation vector for the electromagnetic
wave Anordinary wave can be explained as a superposition
of right- and leti-handed circularly polarized clectromag-
natic waves In the case of a plasma, we should also considor
the different charges and masscs of the clectrops and 1008
{'rom the right- and loft-hand polarized wave cquations. we
find a resonance effect is provided when i is cqual 1o the
cvedorron frequency e, Under these candinions . the rfrac-
lion index gocs to infinity, so that the propagation vilocity
is 7ero This condition is referred to as ECR Unforwnately,
the wineleneths associated with FCR arc generally larger
than the desired sizes of our plasma containers, so that
practical application of ECR tor plasma densification would
he difficult

Fortunately, ECWXR provides an alternative densification
mechamsm when w is less than . Neglecting the motion

of lons due to their much higher mass. the dispersion relation
for the right-hand polarized wave is approximated by
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plasma (bath as a function of frequency) are given in FIGS
4C and 4D, Examination of ihese plots reveals that both are
positive bodow w, In fact, the refractive index For a dnving
pulential having a lrequency of 13.56 MHz will reacl values
above 100 This means that wavelengths within the plasma
may be reduced by Ve or wore If the wavelengik can be
redueed 1o the dimcosions of the plasma cenlatmer, 11 18
possible to create standing waves in the plasma which
provide a resonant elfect This EOWR will depend on the
magnetic filed strength as well as the plasma container
dimensions. If our plasma container has a dizmeter a. this
resonant €ffcct can generally be achieved if:

It &
o= —=—1u+ll
A a

k18 the wavelength, and k_ being the resonant
magnetic : field The resonance can be luned by varying the
refractive index of the plasma For ECWIL we will want lo
take inte account that the refrective index for the right-hand
polarized wave will depend oo both the magoctic ficld aud
the plasma frequency The variatton of n, with the plasma
frequency complicales this tuning somewhal because the
plasma frequency ftself depends on the plasma density.
which will, 1n turn, change with the degree of excitation of
the plasma

Tt is possibly 10 combine the densitying effects of induc-
tive fonization on low prossurc plasmas wilh the capacitive
coupling ion beam cxtraction of the plasing beam sored o
orcatly cnhance deposition rates Unfortunaicly, inductivc
ionization docs nol generally produce a uniform plasma
density Ience, such a hybrid deposition system withuut
further modification, produces a non-uniform on stream and
depositon process For these reasons, the present inveniion
turther provides a quast-static resomnt ionization magnetic
field, s will be explomed with relerence lo FIGS 2 and 2A

Rcfmmgj onee again to FIG 2ZA, hyliid souce M) makes
use of @ plasme which is capacitively coupled so as to
provide a stream of plasma ions through cxlraction grid 64
To promute effective capacitive coupling, the plasma s
mainlaincd at a relatively low prossure, proterably bolow 't
mlore To enhance the density of the plasma, an inductive
power transter is locally achieved using amtemna 94 ol
inductive wupling system 32 The DC plasma potentialiy
front capacitative coupling and hence the iom aceeleration
<Acrgy, typicaliy about 20 10 40 volts at all surfaces
Advantageously, ion cnergy can be selectively controfled by
varying rhe DO bias of the oxiraclion grid. as desoribed
above A similar combination of inductive and capacilative
coupling was described for sputier treatment of diclectnie
samples by Dieter Martin i = 1995 dissertation for Universit
al Kaiscrslavtern, }achbereich Physik, Germany. That rel-
erence more fully explains the independent variation of 1on
energy and oa current density similar 1o that applied in the
hybrid deposition svstern of the present Invention

loryradical fluxes from hybrid source 30 may be enhanced
using the inductive mup]mn system 32 To homogenive the
ioa siream produced by hybrid svurce 30, a slow moving
resonant ionjzation magnetic tield is applied by quasi-static
magnetic feld generation system 34

Ihe preferred quasi-static magnetic field gencranon sys
tem makes vse of a plunatity of coils 96 disposed radially
about the plasma conlainment volume lield rotator 100
selectively encrgizes coils 96 in opposed pairs, lo apply @
Tairly ur'lﬂ'()rm magnetic field throeghont the plasma The
el h cetien, hut only
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colls are cnergized to apply a magnetic field B, Thereatier,
1 uriginal eoils may be reenergized, but with (e opposire
polarity so that magnetic field Bs, and then fcld B arc
praduced

Pield rotator 1) produces a magnetic field which effec-
tively rotates through the plasma containment volume with
a rotational lrequency which is much Jess than the driving
frecqurency of inductive coupling system 32, generally being
less than 10,000 Hz and ofien being less then 100 He Thus,
the rolating magoetic ficid provides resonant enhancement
of the incuctive coupling of a truly static resonant ficld
However, the rolation of the magpetic leld densifies @ much
broadur region of the plasma, and thereby provides a much
mare homogencous ion stream Morcover, the moving mag-
netic field may also further density the plasma by a churning
effect, increasing the collisions betwoen the encrgetic
plasma particles to provide still further wereases in deposi-
tion rate and enerpy transfer efiiciency

Atypicel hybrid source will have a container volume with
an internal radius of about 5 em, and a length between the
coupling electiode and the extraction grid of ahout 8% ¢m
Such a hybrid source will require ao ionizing energy of
between about 100 and 1000 waits, when driven at a
regueney of about 13 56 MHy (or some multiple therol)
Clearly, a wide variety of allernative contalner geometries
and sizes may be provided within the scope of the present
invention

When using hybrid sourcs 30 for deposition or ciching,
the plasma container and deposition vessel surrounding the
subsirate are evacuated preferably at a relatively high spoed
of about 2,000 liters per sccond The ambient pressure
during deposition will preferably be Kepr at abon axln™?
mbar Onee again, a short burst of N, gas is superimposcd
on a steady flow of the source gas 1o facilitate striking of the
plastma. and a gas comprising nitrogen may be continuousky
supplied where nitrogenation is desited Aburst na the order
of o few milliseconds will suffice  or, alternatively, a high
vollage pulse striker cireuil may be uscd with similar resulis
lon current densities are substantiatly higher than the 0 1 o
07 ma‘em® provided by plasma beam sources and may
provide carbon deposilion Tales of between abour 20 to 100
A per second

Although bybrid sonrce 30018 a prelerred cmbaodiment a
wide varicty of altcrnative systems may also be used For
example. the moving magnetic ficld may be provided hy
mechanically rotating one or mure coils about the plasia
containment volume

A siill turther alternative deposition sysiem will be
described with reference o [EG 5 As iHustrated. magnetic
sk 2 is simultancousty coaled on both sides by a pair of
tered cathodic are sources 10 Fach cathodic are snurce
includes a high density carbon targot 102 which is used as
a cathode llere, a plasma is maintained by an elecirical
potentizl of the cathode wlative 1o a graphitc extractor anodle
104 onee ihe chambear has been evacvated throngh evacua-
tlion port 106

Generally, cathodic arc deposilion relies on a low voltage
discharge at pressures of less than 1U™" mbar Vaporized
clectrode material in the form of highly ionized intraclec-
trode plasma provides curreat transport between the catbode
and anode Typicaily, the solid cathode is consumed through
microscopic localized rogions of very high current densily
and temperature, the cathode typically being an clectrically
conduciive depositon material such as 1 meiai carbon, G
soously, 1he Kisetic
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the film using cathodic arc source 1 can produce dense
and continuons films throvph subplantanion, as described
above High deposition ra1¢s of between 30 and 100 A per
second,, together with high throwing power (the ability to
coat uniformly in three dimensions) are alse provided by the
intense 1on flux

To initiale the arc, piero sysiem 108 passes through the
wall of the deposition chamber using a linear and rotary
feedihrough 110 so as to indtally energize a graphite sinker
112. Waier cooling 114 helps confine the dischargsd wnorgy
1o the deposilion system

Unlortunateiy, cathodic are systems suller lrom Lhe expul-
sion ol macroparticles (fogerher with the plasma) from 1he
surface of 1he cathiode The inclusion of these macroparticles
can seriously iimit the quality of lilws grown on substzates
placed in front of the cathode Therstore  source 109 blocks
the dirscl path between the cathode and the magnestic
reeording media or other substrate to be coded using 4
curvilinear duct 116 Magnctic field coils 118 direct the
desired particles through curvilinear duct 116, effeciively
filtering oui the majority of the macroparicles [he use of
baffles 120 and an irregular duct surface formed by bellows
122, helps to prevent the macroparticles from bouncing
tlong Lthe curvilinear ducl 1hereby providing a more !
tive [ilier ‘The duct will typically be about 73 inches in
ditmeter, while 1ht curve may have a centeriing radivs of
abxut ten inches

The llered ion stream may be optionally accelerated
towards the substrate using an aceeleration gnd 124
Alcrnatisely. the substrate itself may he biased. lo provide
» more uniform deposition process, the filtered ion stream
may alse ho seanned over the substrate surlace using a faslor
magnctic field supplicd by raster coils 126 Opticnally. the
ion stream may be monitored through vicwport 128 Steer-
ing mageetic ficlds muy also be provided at 1he cathode by

steering coils 129

It would be ads aniageous (o minimize the macroparticles
cjecied [rom the cathode, rather than relying entirely on
filiering. loward that end. the present iavention provides
cathodes which are adapied 1o distribuic an arc over a diffuse
cathodic surtace arca rather than forming a number ol
discrete arc spots or jets To previde such a distribuied
cathidhie are ovor an active region 130 of cathodic source
12 the power per unit arca is generally raised 10 a sufliciont
level bor the aclive rexion to réach a critical wemperature

Cathudic wc deposition of graphile is particularly
problematic, as graphite in general is difficult 1o ey aporale o
sublime. by electrical boating, largely becacse of 11s anoma-
lous ne gative emperature cocfficient of cleclrical Tesistivily
(up to about 12007 K) Grapbiwe is gencrally porous in
nature, leading o large quantitics of macroparticles boing
sjccted during arcing While the eurvilincar duct [ilter
described above has proven cflcctive al limiting 1he amount
of macroparticles reaching the substrate, this structure also
procuces a magnetic pinching of the plasma stream. which
reduces the area ol deposition and tends 1o produee inho-
mogeneity in the (hickaess of the deposited [ilms
Additionally, oser a long period of time, the contamination
of the flter dact walls can be disadvantageous., as charged
carbort dust from the wall may become entrapped in the
plasma stream and contaminale the fm

To reduce macroparticle content {rom o graphile largel,
the wmperatuze of the cathods at or near the surface is
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okmic heating and thus evaporate the graphiie mores eltec-
tively I provide a more stabls process, it is generally
advaatageous to make use of a direct current cathodic arc, in
which the arc itsclf can have a overall lifetime ol minutes,
unlike spot or transienl arcs which can appear and dissipate
across the surface of the cathode within 2 time span on the
arder of a few nanoseconds The goal here is ic enhance the
effect of local heat accumulation at the surface of the
cathode, and to promote this hoat Lrapping process on a Lime
scale which is significantly longer ikan that of known asc
deposition sysiems Work in connection with the preseat
invention has shown that conlinuous 13 ares may be
poduced with durations of over 1 minuls and preferably of
over 3 minutes

Energy conservation at the cathode implies that the ¢nergy
input and epergy oulput are equal Energy is gencrally
suppiied to the cathode surface through ohmic heating, jon
bombardment, and Nottingham heating Eoergy will be lost
during the process through clectron cmission cooling.
evaporation cooling, and heat tramsfer by conduction,
racliation and convection

The carbon cathade itsell may optionally be prepared by
compressing hiph purity graphite powder ai a hydrostatic
pressure ol between aboul 130 and 150 MPa The density ol
such a cathode will typically be between about 1.5 and 17
wiem”® To enhance the heat trapping at the cathods surlace
the cathode can be thermally insujated with thermal lnsula-
tion 132

When the are is first struck  the cathodic discharge
cvalves 15 a visible microscopic dot with a plasma ball
similar in appearance (o known cathode vacuum arcs At the
initial stage of arc tiggering the arc solisge is shour 20
volts, which is typical of spot arcs for the same are current
Sometime after ignition, however. the single cathodic spot
will evolve into a dJilluse active arca, preferably boing at
least 2 em® Ideally, the surlace temperature within that arca
reaches a value ncaring the sublimation lemperaturc of
craphile. oficn being over 2 0800° ¢ The steady stale dis-
wibuted are mode may be characterized by a mean arc
voltage value that fluctuates over about 25 volis. ideally
being between about 30 and 33 volis The imposition of a
sleering magnetic field may decrease the lransition lime
[rom the spol mode 1 the distribited e mode

A reduction in macroparticlke conlent may be visible
abserved as a reduction of the number of incandescent
particles within the plasma as compared to the standard spot
arc. A diffuse plasma cloud s formed over the cathode
surface, and the wide amplitude fluctuations characteristiv of
the spot arc arc reduced. Additionally the audible rattling
noise often provided by filter cathodic ares is replaced by 2
notably quicter crosion proccss Erosions of 2 mg’s have
been measured over a serics of runs accumulating a total ol
3 minutes of arcing

Rise in the cathodic temperalure may conveaicntly be
produged by the reverse ion bombardment and Joule heating
ol cathede 102 Thermal insulation 132 may also prevent
dissipation of the heat snergy to cooling water system 114
Thermal insulation may be disposed over a selected portion
of cathode 102 so as (o sclectively control the size and
position ol active region 130

The distributed cathodic arc of the present invention
prociaces a significartly lower tolal current densily amd a
higher spatial unilormity In ion current densily Sueh a
disiribuicd arc may make usc of a higher arc veltage than i
the more vonventional cold cathodic are soure E
duced amplnude iy sre current oscillations, wh
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plasma . Reduction of macroparticles will reduce cleaning
and maintenance of a filler duct, and may cven allow
unfiltered depusition Unfiltered carbon distributed are films
may be produced having densities al over 3 gom’ with a
mean ioo energy of 18 eV, al over 50 A's by a particle flux

with an lonization of over abuut 60%
LXPLRIMENTAL

Films were deposited on aluminum subslrates over a
magnetic layer using opposed plisme beam sources and
acctylene plasmas The deposition conditions are summi-
rized In [able T These conditions gase a highly ionized
plasma and an jon beam coergy of about 120 eV 1on
within a well-defined cnergy window

TABEE T
am A-side H-side Concilion
ri-inpunE power W ESOW a2 male hed
ri-reflected Frl W T=1 W Slable dusing tepositicn
7oA 70A
Currznl .
Ouiter Cetl s BN Reverse Lelany
Cunirent
Crar-flv st 1 wem 18 soom Pleanigriwd gt 42 soum
v.ILh A harst of
Diop-Rate -5 As vebAs Licposilion tinz waried

fram IN=30 s

Fhe acetylone gas How rale was pre-set (by an electronic
controller) 1o promote diamond-like bording in the ta-C:H
carbon films rather than oplimizing the deposition rale. Gas
flow rates arg in standard cubic comtimeters per second
(scem) The mawhing-nitwork drenin passive elements
were pre-luned so as v minimize the ratio al P,y P, {power
reflected over power input) at the above-mentioned acety-
lene flow rate

The rate phase sfale was tiggered using a short burst of
N. gas (lasting less than O 1 %) superimposed on the sleady
tlow of C.11. “Lhe pressuze of the chamber during deposilion
wis in 1he region of 51107 mbar Toxtured sod unteduced
smooth disks were coved. and the carbon coatings werc
Characterized using cllipscmetry clectron suergy loss spoe-
trascopy (EELS) and Raman finger-printing The textured
disks were lubed using conventicmal lube processes and
underwent abrasive tape fests as well as sccelerated sran-
slop tests

Table [I summarizes the variation of physical properties
of the films as a fupction of thickness The average lon
sncrgy per caibon ion was uoiformly maintained al about
100 ¢V 1he spatial homogensily ol the films is gauged in
buth the radial as well as angule pusittons Generudly,
G-peak and D-peak are Ve-peak positions in Raman
spectroscopy. while the associated A values describe peak
widths Selket veltage is the output voltage of a light sensor
Aured by Selket

werfivs i Neir

7 oabrusive wss

1t Lest LQUIpRICTL 1
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IABLE T
thickness selket Vodrage Gepeak | = ST B, Raman §oamon Leak
Ttem HSEAL () 5oeraT {Angs) L1, {cV¥)
Cell 1 0 3 3 024 Jd
{all 2 50 2 4 0 4a ENRN
Cell 3 i 5 53 (N 293
Cell 4 S0 7 G a 2ud
Cell 3 A 9 ny 97
I i 3 10 155

Onc noteworthy obscrvation from the Raman spectra is
the increase in hoth the position of lhe G-peak as well as the
1LA1, ratio {lhe arca ratio of the D and ¢ peaks} wih
mueasmn film 1hickness This shows that the percentage of
(—C sp” content in the bulk of the films increases with
dlecreasing thickness PI-peak bandwidth also increases with
decreasing filny thickness within the range muonitored The
bandwidth of the B-peak in the optimized films is above 150
cm™Y, indicating very low lesels (or absence) of graphitic
phase clustering withkin the diamend-like catbon amorphous
matrix This result is consistent with the relatively high
Plasmon-psak measured trom the electron-cnergy-loss-
spectroscopy (EEESY Plasmon peak is the energy of a ype
ol excitation csHed # plasmon TU s a gquantum of charged
particle cloud vibration The cocrgy valoe is directly elated
i the charged particle (eg . clectron) density

Ihe Plasmon-peak E,, is representative of the densiny of
the Rlms, Thus. raking Ihe L, of diamond 10 be 34 eV it is
eclimated that the most- drmmnd like ta-C:H Nibms have
abave 80% C—C sp® bonding (1bis s indepondent of
whether there is long renge order or not)

Disks were coated with ta-C:H 1Hms under o wide variely
of rf-power and gas-teedstock flow raws  Uhese films wore
ihen tested for [riction build-up and wear durability using 2
conventional accelerated contaet startstop (CSS) test Prior
1o testing the disks wore Iubud and Iutk thickncss was found
1o vary between 16-23 A, corresponding, o a carbon ilm
thickness range of 30 Ao 150 A Fach test consisied of 300
cycles, and the disks were sted on hoth sides a1 300 rpm.
Ihe averrged cocficients of friction (¢ ) are ploticd agamst
thickness ol the [iTms in [able T The svarialion ol g
leuud to be between 0.5 to L5, cocrespouding wa thickness
range lrom 10 At 150 A Ol the 16 disks tha underven
lhe accelerated CSS test all but o passed

TABLL I

I power Cias fiow-rate Coatficlert ol static
{Wars) {scom) Pej.osition bme(s) Fieciing s,

sor 20

Lo 12

3oL EU) )

Hild iy ¢

300 15 i3

SHC g [

508 0 M

S0E 21 2

SO 0 G

00 1z a

100 12 g

100 12 30

i 16 LB

J0C 15 &

Disks were also conted with hiphly werabedral amorphous
. & 1
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varied considerably from the center lo the edge. Estimating
coaiing thicknesses using interference colors, and assuming
an index of refractior of 2 5, coating thicknesses varfed at
leas! between 1250 A and 500 A

Raw dula [rom Selket abrader wests are provided in TTGS
6Aand B Owver the two 120 second tests no debris was seen
on the tape Only a vory faint wear track was tound after
tesis were conplete

Peak [riction of the disks was also measored 1$ a lunction
ol the number of start) '%m] cycles. The results of these wosts
are provided in FIG 7

Jhe Raman spectra of the filtered cathodic arc disks weie
also measured. and the resulis are provided o TG 8.
Generally. these resulis indicate that a film can be dcpocilcd
asing 1 cathodic arc source which includes a G-peak in the
arvet ol about 1518 aod having o G width ol approximuately
175 The pstudo band gap of this lm appears to be roughly
1 68 ¢V, while the ecfractive index s approxirmately 25 The
complex poriion of the vptical index of refiacion K
appears Lo be approximatcly 0 08 tor the film

An additional disk was wated this time on both sides,
using a filtered cathedic are source, Fhe 10m stream was
swepl wver Lho surface ol tie substeate by mznipulatng
permanent magnets placed o sithes side of the chamber No
bias was applied to the scanaed substrate Although the
scanning mechanism here was quite simple. a more unifon
deposition laver was provided

Althongh the torwnmﬂ invention has been described in
some detail, by way ol illustration and example, for pur-
poses of dladty of upderstanding. it will be obvious thal
cerlain changes and modilications may bu practiced within
the scope of the appended claims

What s Jwimed is:

1 Magnetic recurding medin compriss

a subsirate:

a magnetic layor disposcd over the substrate; and

a protective Tmyur disposed ovor the magnoetic fver, the
protoelive fayer comprising a highly totrehedral amor-
phous carben having o thickness ol less than 80 A

2 A recording media as io claim 1, wherein the highly

leirnhedral amorphous carbon of the protective layer

includes more than about 35% sp® carbon—carbon bonds
3 A recording miedia as in claim 1. wherein the bighly
tetrahedral amorphous carbon of the protective layer
includes more than about 70% sp’ carbon—carbon bonds
4. A recording media as in claim 1, wherem the sp®
carbon—carbon bonds arc at Ieast in part formed by dircct-
ing an cnergized siream ol carbon ions wward the suhstirale
35 A recording media as in claim 1, wherein the density of
!gy(:r is mare than 2.5 g’cm3

prolcciive

o of the projective in
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7 Arecorcling media as in claum 1 wherein the protective
layer tias a hardaess of over about 30 GPa

8 Arccording media as in vlaim 1, wherein the protective
layer has a thickness af less than about 30 A

9 A recording media as in claim 1, wherein the highly
tetrahedral amorphous carbon of the protective layer further
comprisus hydrogen

10 A recording media as in claim 9, wherein ihe protec-
tive laver comprises hetween aboul 8 and 18 atomic percent
hydrogen

11 A recording media as in claim 1 wherein the highly
tetrahedral amorphaus carbon of the protective layer further
comprises. nitrogen

12 A recording media 4s in claim 11 wherein the pro-
lcctive layer comprises beiween aboul 4 and 30 aomic
percent pitrogen

-

o

22

13 Magnetic recording media comprising

a substrate;

a magnetic laver dispesed over the substrate: and

a protective layer disposed over the magnetic fayer, the
proteciive laver comprising a highly tetrahedral amor-
phous varbon having a thickness of less than 80 A and
u density of more than 25 g'om”

14 Magaelic recording mediz comprising:

a subsirate;

a magnetic layer disposed over the substrate; and

a profective layer disposed over the magnefic laxer the
prolective layer comprising a highly tetrahedral amor-
phous carbon Laving o perceriage of sp carbon—
carbon bonds which increases as the protective layer
lhickiess decreases
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